Terminal repeat (TR) elements of Kaposi's sarcoma-associated herpesvirus (KSHV), the potential origin sites of KSHV replication, have been demonstrated to play important roles in viral replication and transcription and are most likely also critical for the segregation of the KSHV genome to daughter cells. To search for the cellular proteins potentially involved in KSHV genome maintenance, we performed affinity chromatography analysis, using KSHV TR DNA as the affinity ligand. Proteomic analysis was then carried out to identify the TR-interacting proteins. We identified a total of 123 proteins from both KSHV-positive and -negative cells, among which most were identified exclusively from KSHV-positive cells. These proteins were categorized as proliferation/cell cycle regulatory proteins, proteins involved in spliceosome components, such as heterogeneous nuclear ribonuclear proteins, the DEAD/H family, the switch/sucrose nonfermenting protein family, splicing factors, RNA binding proteins, transcription regulation proteins, replication factors, modifying enzymes, and a number of proteins that could not be broadly categorized. To support the proteomic results, the presence of four candidate proteins, ATR, BRG1, NPM1 and PARP-1, in the elutions was further characterized in this study. The binding and colocalization of these proteins with the TR were verified using chromatin immunoprecipitation and immunofluorescence in situ hybridization analysis. These newly identified TR binding proteins provide a number of clues and potential links to understanding the mechanisms regulating the replication, transcription, and genome maintenance of KSHV. This study will facilitate the generation and testing of new hypotheses to further our understanding of the mechanisms involved in KSHV persistence and its associated pathogenesis.
Kaposi's sarcoma-associated herpesvirus (KSHV), also called human herpesvirus 8, is a human gammaherpesvirus family member associated with Kaposi's sarcoma, body cavity-based lymphomas, and multicentric Castleman's disease (36) . Typically, KSHV displays two modes of infection: latent infection, during which the viral genome persists in the host cell and no viral progeny are released, and lytic infection, during which the host cell is destroyed and viral progeny is produced (for a review, see reference 51). In the latent state, KSHV genomic DNA, which exists as a closed circular plasmid, appears to behave like host chromosomal DNA and is packaged onto nucleosomes with cellular histones (37, 42) . During S phase, KSHV genomes are replicated once and are partitioned faithfully into daughter cells during the mitotic phase (20) .
KSHV terminal repeat (TR) elements are multiple GC-rich, 801-bp DNA fragments at the terminus of the KSHV genome (25, 43) . The viral TR is important for the tethering of viral genome to the host chromosomes and thus ensures efficient segregation of viral DNA upon mitosis (2, 9) . Two latencyassociated nuclear antigen (LANA) protein binding sites (LBS1 and LBS2) were located between nucleotides 571 and 610 in each TR sequence, and both binding sites contribute to ori activity, as determined by short-term replication assays (14, 15) . An 89-bp highly GC-rich element is located upstream of LBS1/2, along with a 101-bp AT-rich stretch that is often found in origins of replication and believed to function in DNA unwinding. Both the GC-rich element and the LBS1/2 sequences are required for ori function, while the AT-rich element is dispensable (21) . LANA is consistently expressed in KS lesions and crucial for viral maintenance in proliferating cells (1, 23) . LANA not only modulates the transcription of viral and cellular genes but also recruits a number of molecules to regulate the replication of the viral episome and the segregation of the newly synthesized genome copies to daughter progeny nuclei by tethering to host chromosomes (15, 29, 44, 46) . A simplified model suggests that LANA can mediate the tethering of the KSHV genome to specific components of the chromatin structure through the binding of its C terminus with the TR and association with components of the human chromatin at its N terminus, which includes linker histones and MeCP3 (3, 23) .
The long-term persistence of a viral agent which includes KSHV depends on its interaction with are host cell. Its genome replication and viral gene transcription are typically dependent on the involvement of a number of cellular processes. The finding that KSHV genomic DNA as well as TR-containing plasmids is replicated only once during the cell cycle and that LANA has no detectable polymerase or helicase activity required for DNA replication strongly suggest that replication of the KSHV genome is dependent on cellular replication machinery (53) . However, the mechanisms for the initiation and regulation of KSHV replication as well as the segregation of newly synthesized DNA copies to daughter cells are still largely unknown. The identification of the cellular molecules involved Core Facility at the University of Pennsylvania School of Medicine. Proteins for each band with an LCQ score over 20 were reported.
Western blot analysis. Electrophoresed proteins were blotted onto 0.45-m nitrocellulose paper (Osmonics, Inc., Minnetonka, MN) at 100 V for 1 to 2 h. Blots were blocked with 5% milk in phosphate-buffered saline and washed three times with TBST buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) before overnight incubation with rabbit anti-LANA antiserum or mouse anti-PARP (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and -NPM1 (Cell Signaling Technology, Inc., Danvers, MA) antibodies or rabbit anti-ATR and -BRG1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) antibodies at 4°C. Blots were washed three times with TBST and incubated with a 1:10,000 dilution of appropriate Alexa Fluor 680 or IRDye 800 secondary antibody (Molecular Probes, Carlsbad, CA). Membranes were scanned with an Odyssey infrared scanner (Li-Cor Biosciences, Lincoln, NE). Densitometric analysis was performed with Odyssey scanning software.
Immunofluorescence in situ hybridization analysis. Immunofluorescence assay was performed as described previously (47) . Briefly, BC-3 cells were fixed with 3% paraformaldehyde at room temperature for 10 min and permeabilized with 0.1% Triton in PBS for 5 min. Fixed cells were blocked with appropriate serum and then incubated with the specific rabbit antibodies for LANA or KSHV-positive human serum and antibody against one of the candidate proteins, ATR, BRG1, NPM1, or PARP-1. Slides were washed three times in PBS, followed by incubation with a 1:1,000 dilution of appropriate immunoglobulinAlexa Fluor 488/647-conjugated secondary antibodies. Then cells were postfixed with 3% paraformaldehyde in PBS for 5 min, permeabilized in 0.1% Triton in PBS for 3 min, and treated with 0.1 M Tris-HCl (pH 7.0) for 2 min and 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) twice for 2 min. Cells were dehydrated in 70, 80, 90, and 100% ethanol at 4°C for 2 min each and dried. Then cells were treated with 100 g/ml RNase A for 45 min at 37°C, washed, denatured in denaturing solution (70% formamide in 2ϫ SSC) at 70°C for 2 min, dehydrated, dried, and subjected to in situ hybridization. A Z6 cosmid containing the left end of the KSHV genome was used as a probe after being biotin labeled with a NEBlot Phototope kit (New England Biolabs, Beverly, MA) according to the manufacturer's instructions. Slides were hybridized with the denatured biotinylated Z6 cosmid probe overnight at 55°C. After hybridization, slides were washed in 2ϫ SSC and 0.1ϫ SSC for 15 min each at 55°C, followed by the detection of the KSHV genome with a streptavidin-conjugated Alexa Flour 594 (Molecular Probes, Carlsbad, CA). The slides were washed in PBS, counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI), and mounted with antifade solution. Slides were examined with an Olympus FluoView FV300 confocal microscope, and images were analyzed with FluoView software (Olympus, Inc., Melville, NY).
Chromatin immunoprecipitations. For each immunoprecipitation, 2 ϫ 10 7 BC-3 or BJAB cells were cross-linked by adding formaldehyde to a final concentration of 1% directly to the growth medium at 37°C for 10 min. The reaction was quenched by adding glycine at a final concentration of 0.125 M. Cells were washed once in ice-cold PBS containing protease inhibitor mini-mixture and 1 mM phenylmethylsulfonyl fluoride. Nuclei were pelleted at low speed, lysed in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8) for 10 min on ice, and diluted to 1 ml in dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8, 16.7 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor mini-mixture). Chromatin was sonicated to ϳ500-bp fragments and centrifuged at 13,000 rpm for 10 min at 4°C to remove debris. A portion (5%) of each sample was set aside to measure input DNA, and the remainder was diluted to 2 ml in dilution buffer and split into two 1-ml aliquots. Nonspecific background was precleared with 30 l of salmon sperm DNA-protein A agarose beads and 1 l of normal mouse immunoglobulin G for 1 h at 4°C with rotation. Supernatants were incubated with 2 ml of either anti-ATR, BRG1, NPM1, or PARP-1 antibody overnight at 4°C with rotation before immune complexes were collected with 30 l salmon sperm DNA-protein A agarose for 1 h at 4°C. Beads were washed once each with low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris, pH 8, 150 mM NaCl), high-salt wash buffer (same as low salt but with 500 mM NaCl), and LiCl wash buffer (0.25 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris, pH 8.0) and then twice in TE (10 mM Tris, 1 mM EDTA) (pH 8.0). Pellets were resuspended in 150 l of chromatin immunoprecipitation (ChIP) assay elution buffer (1% SDS, 0.1 M NaHCO 3 ) and rotated at room temperature for 15 min. Samples were centrifuged, and eluates were removed. Elution was repeated one more time, and eluates were combined. Input DNA (5% of total sample previously set aside) was diluted to 300 l in elution buffer, followed by reverse cross-linking of all the samples, with the addition of NaCl to a concentration of 0.3 M and 20 g of RNase A for 5 to 6 h at 65°C. Proteins were removed from samples with 10 mM EDTA, 53 mM Tris-HCl, pH 6.5, and 50 g proteinase K overnight at 37°C. Samples were extracted once with phenol, once with 1:1 phenol-chloroform, and once with chloroform and precipitated in alcohol. DNA samples were then amplified with primers (forward, 5Ј-GGGGGACCC CGGGCAGCGAG-3Ј, and reverse, 5Ј-GGCTCCCCCAAACAGGCTCA-3Ј) flanking TR nucleotides 677 to 766. pBSpuroA3 plasmid was amplified in each test as a positive control. Immunoprecipitation. For immunoprecipitation, 8 ϫ 10 7 BJAB and BC-3 cells were lysed on ice with 1 ml of radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM EDTA, pH 8.0) supplemented with protease inhibitors (1 mM PMSF, 10 g of pepstatin/ml, 10 g of leupeptin/ml, and 10 g of aprotinin/ml). The lysates were centrifuged at high speed to remove the cell debris. A control serum was used to preclear the lysate before it was incubated with specific antibody. Precleared lysates were then incubated with anti-ATR, NPM1, BRG1 or PARP-1 antibodies overnight at 4°C with rotation and further incubated with protein A/G Sepharose beads at 4°C for 1 h with rotation. The resulting immunoprecipitates were collected by centrifugation at 2,000 ϫ g for 3 min at 4°C, and the pellets were washed four times with 1 ml of ice-cold RIPA buffer. The immunoprecipitated pellets were resuspended in 30 l of 2ϫ SDS protein sample buffer (62.5 mM Tris [pH 6.8], 40 mM DTT, 2% SDS, 0.025% bromophenol blue, and 10% glycerol) and then resolved using SDS-PAGE with an 8% polyacrylamide gel. The separated proteins were transferred to a nitrocellulose membrane. Western blot analysis was performed for the detection of LANA protein by the use of an anti-rabbit polyclonal antibody. Similarly, reverse immunoprecipitation with an anti-LANA polyclonal serum was performed for BJAB and BC-3 cells, which were probed for the detection of ATR, NPM1, BRG1, or PARP-1 coimmunoprecipitation with LANA.
RESULTS
Affinity purification of KSHV TR binding proteins. DNA binding proteins are involved in a large number of cellular processes, such as transcription, replication, and recombination. It is well known that the biological activities of virus are tightly associated with the activities of a number of cellular processes. Moreover, since the terminal repeat element of KSHV is a pivotal component required for the modulation of viral replication, transcription, and long-term maintenance KSHV TR element and 30-bp high-GC repeat control DNA were bound to an activated CNrB resin column. Nuclear extracts from KSHV-positive (ϩ) (BC-3) or -negative (Ϫ) (BJAB) cells were incubated with the column, and proteins were eluted from the TR or control column, respectively. High-salt eluted materials were resolved on an SDS-PAGE gel. The visible bands from a TR DNA affinity column were collected and subjected to protein mass spectrometry. (B) Coomassie blue staining of TR binding proteins. Nuclear proteins from KSHV-positive (BC-3) and -negative (BJAB) cells bound to the TR affinity column were extensively washed. TR binding proteins were eluted with elution buffer containing increased concentrations of salt. The proteins eluted at high-salt concentrations (300 mM, 500 mM, and 1,000 mM NaCl) were resolved by SDS-PAGE (8%) and stained with Coomassie blue. Distinct bands were identified and excised for proteomic analysis (LCQ sequencing). In total, 96 bands were subject to proteomic analysis, of which 36 were from BJAB cells and 60 bands were from BC-3 cells. of the virus in human cells (20, 30, 48) , identification of the cellular proteins binding to TR would be critically important for a better understanding of the mechanisms involved in KSHV maintenance and pathogenesis. A proteomics technological approach is well suited for systematically studying the molecular anatomy of the TR and its DNA binding proteins. In this study, the 801-bp TR DNA was purified and bound to a simple and effective DNA affinity resin (22) . Nuclear proteins isolated from KSHV-positive (BC-3) and KSHV-negative (BJAB) cell lines were isolated and subjected to the TR affinity column separately. TR binding proteins bound to the column were sequentially eluted with elution buffer containing an increased concentration of salt. The proteins eluting at high-salt concentrations (300 mM, 500 mM, and 1,000 mM NaCl) were collected and resolved with 8% SDS-PAGE and stained with Coomassie blue (Fig. 1A and B). A total of 96 clearly visible bands, ranging from larger than 260 kDa to 28 kDa, were obtained from both KSHV-positive and -negative cells from the above-mentioned three elutions after Coomassie blue staining (Fig. 1) . A comparison of protein bands revealed that there were some specific differences seen in elutions from the KSHV-positive TR column for all the salt concentrations (Fig. 1B) . In total, 24 additional bands were seen when combining all three elutions of KSHV-positive cells compared to those seen with elutions of KSHV-negative cells (60 and 36 bands, respectively) ( Fig. 1) . In addition, a small number of bands (7 bands in the BJAB lane and 11 bands in the BC-3 lane) were obtained at a very high-stringency elution condition of 1 M NaCl in both cell lines (Fig. 1B) .
Identification of the proteins associated with the TR DNA elements. To identify TR binding proteins, all 96 protein bands were excised from the gel and subjected to liquid chromatography-tandem mass spectrometry analysis at the Proteomics Core Facility at the University of Pennsylvania School of Medicine.
In this study, the search engine Mascot was used for protein identification by searching MS data against primary sequence databases (39). Mascot uses a statistical scoring algorithm, the MOWSE score, to calculate the matching scores that represent the level of confidence for the identification. According to its calculation, significance thresholds differ between peptides in the search. Therefore, in our results both MOWSE scores and significance thresholds were considered. MS spectra were also manually inspected to ensure that the identifications were reasonable and of high confidence. In some cases, the score of a single peptide was low (lower than the threshold), but correlation with other identified peptides from the same protein and peptide mass mapping results led to increased confidence in the identification. The theoretical molecular weights of the identified proteins were typically well matched to their correlated positions on the gel, also supporting the MS results and the level of confidence.
The results of the analysis identified 123 proteins from the 96 excised bands (Fig. 2) . No protein was identified in three of the gel bands (Tables 1 to 3 ). Table 1 shows the protein identification results categorized in KSHV-positive and -negative cells and the corresponding molecular masses of proteins eluted at 300 mM. Two additional detailed tables (Tables 2 and  3) show protein identification results of the bands eluted at 500 mM and 1 M, respectively. Notably, more than one protein was identified in most bands, suggesting that the most visible bands were a mixture of multiple proteins in the one-dimensional gel slice. A comparison of the proteins identified indicated that some were found in more than one band, corresponding to different molecular masses, such as BAF250a, splicing factor prp8, NPM1, BRG1/SMARCA4 isoform 2, U5 200-kDa snRNP-specific protein, and the switch/sucrose nonfermenting (SWI/SNF) complex 155-kDa subunit. This may reflect potential posttranslational modifications of a protein altering its molecular mass (e.g., glycosylation and ribosylation, alternative splice forms, or partial degradation of a protein); the identities of these modifications are beyond the scope of this initial study.
As indicated above, the identification results also showed a trend of more proteins in low-salt elution and KSHV-positive BC-3 cells than in KSHV-negative cells (compare Tables 1, 2, Fig. 3A) . The 123 polypeptides identified were grouped into nine specific categories, and one group was uncategorized as the proteins did not fit into any selected groups ( Fig. 2A) . In KSHV-positive BC-3 cells, 116 proteins were identified from 59 gel bands (no polypeptides were identified in 1 of the bands) from all three elutions and 95 proteins were seen exclusively in KSHV-positive BC-3 cells (Fig. 2B) . However, in KSHV-negative BJAB cells, 28 proteins were identified from 34 gel slices (no proteins were identified in 2 of the bands) from all three elutions, with only 7 proteins seen exclusively in KSHV-negative BJAB cells ( Fig. 2C and D) . A comprehensive list, including accession numbers of all proteins identified from all three elutions of KSHV-positive and -negative cell lines, are presented in Table 4 and are schematically shown in Fig. 2E . The identified proteins were grouped in 10 categories based on their functions, which are shown in Fig. 2 , and a detailed list is provided in Table 5 . The categories include the following: proliferation/cell cycle regulatory proteins, proteins involved in spliceosome components, such as heterogeneous nuclear ribonuclear proteins, the DEAD/H family, the SWI/SNF protein family, splicing factors, RNA binding proteins, transcription regulation proteins, replication factors, modifying enzymes, and a number of proteins that did not specially fit into any of the above-listed groups based on known function and so remained uncategorized. Confirmation of individual proteins binding to the TR DNA by Western blot analysis. To confirm the specificity of the TR binding proteins, 400-to-1,000 bp DNA fragments composed of 30-bp double-stranded DNA repeats were used as the control DNA column. The repeats are noncoding sequences of the KSHV genome and have similar GC contents (approximately 83%) to TR. The eluted proteins from the control DNA column and TR element column were resolved on 8% SDS-PAGE and transferred to a nitrocellulose membrane. After Ponceau S staining, significantly fewer bands were seen, to an almost undetectable level, on the membranes of control DNA compared to those for the TR element elutions (Fig. 3A) . After probing with specific antibodies against the candidate proteins PARP-1, ATR, NPM1, and BRG1, the presence of these proteins was predominantly detected in the TR column but not in the control DNA column (Fig. 3B) . In addition, because KSHV LANA is demonstrated to bind to the TR, the presence of LANA protein was also verified in elutions from the TR column (Fig. 3B, top panel) . The data showed that LANA mostly eluted from the column at 500 mM NaCl, an extent similar to those of ATR and PARP-1 (Fig. 3, lane 4) . BRG1 was seen to be tightly associated with the TR in BC-3 but had the same lower level of signal as that in the elution from BJAB cells which are KSHV negative (Fig. 3, lanes 2 , 4, and 6). Interestingly, NPM1/B23 associated predominately with TR from BC-3 extracts and was mostly eluted at 300 mM NaCl, with no detectable signals at 500 mM and 1 M salt elutions (Fig. 3, lanes 2 and 4) . Thus, ATR, BRG1, NPM1/B23, and PARP-1 all associated with the TR DNA element predominantly in the presence of KSHV latent antigens which include LANA (Fig. 2, lanes 2, 4, and 6 ). Although PARP-1 associated with the TR from BC-3 extracts with the highest signal at 500 mM elution, some signals were also seen in BJAB extracts at 300 and 500 mM and 1 M elutions, suggesting that PARP-1 is associated with the TR element independently of the presence of the KSHV latent antigen, including LANA. Physical interaction between LANA candidate proteins and KSHV TR element. To determine whether the candidate proteins can bind to the TR DNA element, we examined the interaction between candidate proteins and TR in BC-3 cells by ChIP assay. The cross-linked chromatin from 50 million cells was immunoprecipitated with specific antibodies against PARP-1, ATR, NPM1, and BRG1, and a specific sequence was amplified using primers that amplified a 90-bp amplicon within the TR element. The results of the interaction between candidate proteins and the TR in the KSHV-positive cells are shown by ChIP analysis (Fig. 4) . ChIP analysis showed that the four candidate proteins, PARP-1, ATR, NPM1, and BRG1, asso- ciated with the TR DNA element, with no detectable signals seen with the match antibody control (Fig. 4) . These results suggest that these proteins associated with the TR elements and that it is possible that their signals also include association with LANA bound to the TR element, although they may also be able to be independent in their association with the TR element.
Colocalization of LANA, PARP-1, ATR, NPM1, and BRG1 with TR DNA. Cellular and/or viral molecules that interact in cells typically would also colocalize in vitro. Colocalization in KSHV-positive BC-3 cells was detected by immunofluorescence in situ hybridization analysis. Candidate proteins (PARP-1, ATR, NPM1, and BRG1) were stained with specific antibodies, and the viral DNA was probed with TR-specific U5 snRNP-specific protein; U4/U6.U5 tri-snRNPassociated 65-kDa protein; splicing factor, arginine/ serine-rich 8 isoform 1; precursor mRNA processing protein; splicing factor 3b, subunit 2; splicing factor SF3a60; alternative splicing factor ASF-2; splicing factor U2AF 35 kDa; alternative splicing factor ASF-3; nuclear matrix protein NMP200 related to splicing factor PRP19; gizzard PTB-associated splicing factor; PRP4 pre-mRNA processing factor 4 homolog; U3 small nucleolar interacting protein DNA fragments. Confocal microscopy showed that these proteins colocalized with the KSHV genome. Signals for the TR DNA, LANA protein, and candidate proteins (PARP-1, ATR, BRG1, and NPM1) were clearly colocalized, suggesting an association of these proteins in a complex in KSHV-infected cells (Fig. 5) . These candidate proteins were all seen to colocalize with LANA in punctuate nuclear signals with the exclusion of the nucleolus. Blue DAPI staining showed nuclear chromatin stain. Brick-red merged panels showed the colocalization of the candidate proteins with the KSHV genome signals, the orange merged signal showed the colocalization of LANA and KSHV genome, as expected, and the white merged signals indicated colocalization of LANA, candidate protein ATR, BRG1, NPM1, or PARP-1, DAPI, and the KSHV genome (Fig. 5) .
LANA associates with the candidate proteins ATR, NPM1, BRG1, and PARP-1 in KSHV-positive cells. To further corroborate the above-mentioned observations, we performed immunoprecipitation analysis for each of the above-mentioned proteins or LANA and performed Western blotting for specific antigens to determine whether they associated in a complex in KSHV-positive cells. The results indicated that LANA associ- ated with ATR, BRG1, NPM1, and PARP-1 in the KSHVinfected BC-3 cell line, using a specific antibody for LANA and Western blotting for each of the four candidate proteins (Fig. 6A) . Importantly, in the reverse immunoprecipitation using specific antibodies against candidate proteins, Western blot analysis showed that LANA was detected in the immune complexes (Fig. 6B) . Thus, ATR, BRG1, NPM1, and PARP-1 can associate with LANA and the TR DNA element and may also be important for TR function and KSHV persistence in the cells.
DISCUSSION
In this study, we have successfully combined stringent protein purification with DNA affinity column and sensitive MS analysis to identify a set of proteins binding to KSHV TR DNA. Here, we present the identification of 123 proteins that were bound to the TR DNA element of KSHV from KSHVnegative and -positive B cell lines. The identity of binding proteins was performed by analysis of multiple polypeptides for each protein and confirmed by LCQ sequencing.
The TR sequence of the KSHV genome contains at least two cis elements for LANA binding per copy of the TR element (2, 20) . While two or more copies of TR are required for longterm maintenance, a single TR confers LANA-dependent origin activity on plasmid DNA (17) . The TR can function like an autonomous replicating element, with LANA bound to the cognate sequences within the TR supporting viral replication (15) . The fact that LANA can suppress transcription when bound to the TR seems to challenge a model by which the TR can directly contribute to KSHV DNA replication (14) . Deletion mapping revealed a 71-bp-long minimal replicator containing two distinctive sequence elements: LANA binding sites (LBS1/2) and an adjacent 29-to 32-bp-long GC-rich sequence, which is referred to as the replication element (21) . LANA interacts with many cellular factors, including RING3, pRb, p53, HP1, CREB binding protein, mSin3, MeCP2, DEK, histone H1, ORCs, and glycogen synthase kinase 3␤ (4, 12, 13, 24, 28, 29, 40, 41, 50, 52) . The majority of these factors are involved in transcription, remodeling chromatin structure, and replication. Moreover, in support of our previous work, we noted an association of histone H1 isoforms C and D, especially in the BC-3 elution, suggesting a requirement for TR proteins which include LANA. However, no association of additional histone, including H2A and H2B, H3, and H4, was identified in this comprehensive screen. These proteins may be required for the maintenance of viral episomes as well as regulation of the transcription program during latency. Consistent with this idea, LANA is known to be an essential factor for maintaining the viral genome (18) . However, it has been demonstrated that LANA does not have any enzymatic activity like helicase or polymerase. Therefore, enzymes which contain these activities and core components of the replication machinery are most likely recruited to the TR, contributing to the initiation and replication of the viral episome during latency.
Notably, the majority of the proteins identified are KSHV specific and were found to be associated with the TR from the BC-3, but not the BJAB, KSHV-negative nuclear extracts. This finding suggests that the binding between these proteins and TR DNA is KSHV dependent. Thus, the binding of these proteins to the TR element may be mediated by KSHV-encoded proteins, mainly LANA, as LANA is predominantly expressed during latent infection and binds to the TR. The identified proteins were grouped into several categories according to their nuclear functions. Among these are structural/ nuclear matrix protein components, such as heterogeneous nuclear ribonuclear proteins and protein-associated splicing factor and chromatin regulatory and structural proteins, which include histones as well as proteins involved in other DNAmodulating activities, such as the chromatin-remodeling protein DEAD/DEAH proteins, and proteins whose nuclear functions are not yet fully known. These proteins are most likely in direct association with TR DNA or associated with other viral or cellular proteins bound to the TR in a macromolecular complex. Some of the identified proteins, for example the histones, have also been shown to be involved in DNA metabolic processes and in association with DNA (34) . Some proteins identified are involved in the regulation of cell proliferation, for example, in proliferating cell nuclear proteins P120 and Ki-67 (11, 16) . However, some have not been strictly classified in terms of their functions. The results presented here suggest that the TR DNA element is important for a number of biological processes likely to be associated with KSHV persistence in the infected cell.
DNA damage can be experimentally induced by irradiation, UV exposure, and chemical treatment (19, 45) . However, this damage may also arise naturally as a consequence of DNA replication (31) . Many of the repair and recombination proteins are reported to be redistributed to double-stranded breaks after irradiation or chemical treatment and colocalize with cellular DNA replication sites during S phase (32) . It is believed that the presence of stalled replication forks or stretches of single-stranded DNA is responsible for recruiting these factors (27) . In the absence of such repair functions, genomic integrity degrades. In this study, multiple proteins associated with DNA damage repair, such as ATR and poly-(ADP-ribose) polymerase (PARP-1), have been identified. PARP-1 is a nuclear enzyme which is activated in response to genotoxic insults by binding to damaged DNA and attaching polymers of ADP-ribose to nuclear proteins at the expense of its substrate NAD ϩ (35) . PARP-1 is important in DNA damage signaling and has been reported to bind KSHV TR DNA (38) . Our result confirmed the interaction between PARP-1 and TR DNA and further demonstrated that in spite of binding directly to the TR, PARP-1 also associates with LANA independently of the TR, suggesting a role of PARP-1 in the context of LANA function. ATM and rad3-related (ATR) proteins are members of the phosphoinositide 3-kinase related kinase family (7) . ATR plays a crucial role in the normal cell-cycle and early development and is also responsible for the DNA damage response that halts the progression of the cell cycle, in particular, in response to a variety of DNA damage signals (8) . Importantly, and likely to be related to its association with the KSHV TR element, ATR is speculated to modulate the progression of DNA replication by regulating S-phase kinases at unfired origins from its vantage point at active or stalled replication forks and sites of damage (5) . Thus, it may play a role in ensuring the continued firing of the initiation of replication at the TR during latent infection.
Two main groups of chromatin remodeling complexes exist in mammalian cells: (i) those requiring ATP hydrolysis to alter histone-DNA contacts, such as SWI/SNF protein (49) , and (ii) those that covalently modify histone proteins by a variety of posttranslational modifications (phosphorylation, acetylation, and methylation), such as histone acetyltransferases, methyltransferases, and histone deacetylase complexes (17) . We have detected members of both types of complexes as TR binding proteins from our study. BRG1 is an ATPase associated with SWI/SNF protein (33) . NPM1 (B23 protein) is a multifunctional nucleolar protein whose molecular chaperone activity is proposed to play a role in ribosome assembly (10) . The identification of these proteins suggests a role for these proteins in KSHV replication and transcription. There is evidence that interactions with transcription factors may target SWI/SNF complexes to specific promoters to regulate transcription. It is also possible that KSHV uses a similar mechanism of targeted regulation by recruiting SWI/SNF complexes to weak viral promoters in early infection or during reactivation to enhance the transcription of a selected set of promoters and also the TR element controlling transcription of some viral genes which include K1 (25, 26) .
We believe that the large number of binding proteins reflects the multiple roles of the KSHV TR element in viral DNA replication and gene expression. Additionally, not all of the binding proteins are likely to interact directly with the TR DNA. Therefore, some of the interactions may be dependent on interaction with intermediate viral binding partners like LANA. It remains to be determined which TR binding proteins physically interact with TR independently of viral proteins. Many of the identified proteins associate with numerous other proteins, including other TR binding proteins. It is possible that the association of TR with one or two proteins may lead to the recruitment of numerous other proteins or complexes required for specific functions.
We hypothesize that KSHV recruits some of these cellular proteins to the TR element which contains a latent replication ori to participate directly in KSHV replication. Alternatively, they may be targeted to damaged viral DNA that arises during replication. The determination of the functions of these proteins in the context of KSHV infection is likely to be complex. A number of the TR binding proteins function in the major cellular recombination repair pathways; thus, it will be of interest to determine whether these proteins have a necessary role in KSHV replication, are recruited to sites of DNA damage or stalled replication forks, or may increase the efficiency of KSHV replication initiation at the TR. Further studies are needed to determine the specific role of the proteins identified in viral infection and long-term genome persistence.
